Abstract To characterize central integration of reflex responses to stimulation of mechanically and chemically sensitive receptors in the heart and lung, male rats (350 to 425 g) were anesthetized (pentobarbital, 50 mg/kg IP) and paralyzed (gallamine triethiodide, 25 mg/kg IV), and then they underwent bilateral sinoaortic denervation. Extracellular activity of neurons in the nucleus tractus solitarius (NTS) was recorded in response to bolus intra-atrial saline (50, 100, 200, or 300 gtL) or phenylbiguanide (PBG, 16 gLg/kg in 100 ,L) administered in random sequence. Changes in mean arterial pressure (MAP), mean right atrial pressure, and right atrial systolic pressure (RASP) were measured as correlates of stimulus intensity, and heart rate (HR) and renal sympathetic nerve activity (RSNA) were used to assess efferent reflex effects of cardiac and pulmonary receptor stimulation. NTS neurons with possible afferent input from stretch and chemically sensitive receptors were identified by an excitatory evoked response to electrical stimulation of the ipsilateral vagus nerve (1 Hz, 500 ,uA, 1-millisecond duration). Thirty-eight vagus nerve-evoked NTS units with onset latencies of 25.3+0.9 milliseconds displayed excitatory or inhibitory responses to saline or PBG injections or to both interventions. Saline administration elicited volume-dependent transient increases
in random sequence. Changes in mean arterial pressure (MAP), mean right atrial pressure, and right atrial systolic pressure (RASP) were measured as correlates of stimulus intensity, and heart rate (HR) and renal sympathetic nerve activity (RSNA) were used to assess efferent reflex effects of cardiac and pulmonary receptor stimulation. NTS neurons with possible afferent input from stretch and chemically sensitive receptors were identified by an excitatory evoked response to electrical stimulation of the ipsilateral vagus nerve (1 Hz, 500 ,uA, 1-millisecond duration). Thirty-eight vagus nerve-evoked NTS units with onset latencies of 25.3+0.9 milliseconds displayed excitatory or inhibitory responses to saline or PBG injections or to both interventions. Saline administration elicited volume-dependent transient increases I t is known that either mechanical or chemical stimulation of certain cardiac and pulmonary receptors elicits reflex cardiovascular effects, which include hypotension, bradycardia, and reduction of efferent sympathetic nerve activity.1-6 Mechanically sensitive cardiac receptors, which mediate these reflex effects, are responsive to changes in blood volume and are located in all chambers of the heart.1-3 Chemically sensitive receptors, responsive to agents such as serotonin and phenylbiguanide (PBG), have also been identified in both atria and ventricles.'-3 Nonmyelinated or lightly myelinated afferent fibers from both mechanically and chemically sensitive receptors project in the vagus nerve and terminate primarily in the nucleus tractus solitarius (NTS).4,7 Although the generalized reflex responses to stimulation of mechanically and chemically sensitive receptors lead to the conclusion that the NTS processes these signals rather nonspecifically, there is evidence to suggest divergence of efferent in MAP and RASP, which were followed by reflex decreases in MAP, HR, and RSNA. PBG injections also evoked hypotension, bradycardia, and sympathoinhibition. In contrast to the graded effects of graded saline injections on MAP, right atrial pressure, HR, and RSNA, the mean change in peak NTS cell activity after saline injections did not correlate with the volume injected; rather, the cells responded at one volume threshold and did not alter firing when stimulus intensity (ie, the volume injected) was increased. Although the number of NTS units with firing thresholds at the respective volumes was fairly evenly distributed, the total number of cells responding at any given volume was greater as the volume injected increased. Thus, the graded reflex effects observed during volume expansion may involve recruitment of a progressively greater number of responsive neurons and not graded increases in the discharge frequency of any particular NTS cell. These data indicate a high degree of neural integration in the NTS, which may be critical for the reflex adjustments to stimulation of mechanically and chemically sensitive receptors. (Circ Res. 1994; 74:1188 -1196 Key Words * volume expansion * phenylbiguanide . renal sympathetic nerve activity * right atrial pressure control. Previous studies have demonstrated differential reflex effects on renal versus adrenal sympathetic nerve activity when the two stimuli are selectively tested. 8, 9 Although considerable effort has been devoted to characterizing the central integration of cardiovascular reflexes mediated by high-pressure receptors in the aortic arch and carotid sinus,10-14 little is known about the central processing of afferent signals from lowpressure mechanoreceptors or chemically sensitive thoracic receptors modulating reflex cardiovascular regulation. As the primary terminus for vagal afferent inputs from the heart and lung, the NTS is an important site at which to characterize the central regulation of reflex circulatory control. The aim of the present study, therefore, was to characterize and correlate the central processing of afferent and efferent components of reflex cardiovascular responses produced by mechanically and chemically sensitive receptors in the heart and lungs. We hypothesized the identification of NTS neurons that would receive input from (1) mechanically sensitive heart and lung receptors activated by acute bolus volume expansion, (2) chemically sensitive receptors activated by PBG, or (3) both types of receptors. We further hypothesized that receptor activation by acute volume expansion or PBG would elicit a response in 1189 NTS neurons that would correlate with the intensity of the stimulus and with the degree of reflex inhibition of mean arterial pressure (MAP), renal sympathetic nerve activity (RSNA), and heart rate (HR). Our results indicate that NTS neurons can be excited or inhibited by either one or both of the above stimuli. Graded activation of mechanically sensitive thoracic receptors produced graded increases in right atrial pressure (RAP) and evoked graded efferent reflex cardiovascular effects but was not associated with graded changes in the frequency of individual NTS cell discharge. Rather, individual NTS units responded at a specific stimulus intensity (volume), or threshold, with more units responding as the stimulus intensity increased. Thus, the graded reflex effects observed during acute volume expansion may involve recruitment of a progressively greater number of responsive neurons and not graded increases in the discharge frequency of any particular NTS cell. These findings suggest a prominent role for the NTS in the integration of cardiovascular information from both mechanically and chemically sensitive visceral afferents. Recording of RSNA Through a flank retroperitoneal incision, a postganglionic renal sympathetic nerve bundle was isolated, mounted on a bipolar silver-wire electrode (0.008-in bare diameter, A-M Systems, Inc), and secured in place with a silicon impression material (Coltene/Whaledent, Inc). The nerve signal was led to an AC amplifier (P5 series, Grass Instrument Co) via a high-impedance probe, amplified 50000 to 200 000 times, filtered between 300 and 3000 Hz, and displayed as a moving average with time constants ranging from 50 to 200 milliseconds (Charles Ward Enterprises MA-821RSP).
Materials and Methods

Surgical
Electrophysiological Recording
Animals were mounted in a stereotactic apparatus, and the dorsal medulla was exposed by removal of the overlying muscles and a partial occipital craniotomy. Extracellular recordings were made from the NTS by use of glass microelectrodes (1.2-mm outer diameter) with a resistance of 20 to 60 MQl and filled with a solution of 2 mol/L sodium acetate containing 2% Chicago sky blue (Sigma Chemical Co). A side arm of the electrode holder was connected to a PV800 pneumatic pump (World Precision Instruments) for later marking of the recording site by injection of the electrode solution. NTS cell discharge was led to an AC preamplifier (Grass P15) with 1/2 amplitude filters set at 300 to 10 000 Hz. The conditioned signal was then passed through a window discriminator set to detect spikes above the noise level (model 121, World Precision Instruments).
Vagal Nerve Stimulation
To identify NTS cells that might receive input from mechanically or chemically sensitive heart and lung receptors, the cervical vagus nerve ipsilateral to the NTS recording site was isolated by gentle dissection and mounted, intact, on a stainless steel bipolar stimulating electrode. The nerve was stimulated with a frequency of 1 Hz and a pulse width of 1 millisecond at an intensity 10 times that necessary to elicit an '20 mm Hg decrease in AP (Pulsemaster A330 and Stimulus Isolator A360, World Precision Instruments). Since cardiac and pulmonary receptor reflexes are vagally mediated,2,3,6 the vagi were cut after experimentation (n=3) to verify the reflex pathway for responses to the volume stimulus and to PBG.
Plasma Volume Measurement
Because baseline volume status may affect the sensitivity of cardiac stretch receptors, hematocrit and plasma volume were measured '30 minutes after induction of anesthesia (n=4) according to the dye-dilution method of Belcher and Harriss. 16 To ensure that volume status did not significantly change during the course of the experiments, measurements were made in another group of rats (n=3) 3 to 4 hours after the induction of anesthesia.
Histology
Recording sites in the NTS were marked by pneumatic injection of~=100 nL of the sodium acetate and Chicago sky blue solution in the electrode. After the animal was killed, the medulla was removed and placed in 10% formalin for fixation. Coronal sections (50 ,um) were cut on a freezing microtome and stained with neutral red to identify recording sites. 17 
Data Collection and Analysis
Signals from all recorded variables were displayed on a chart recorder (Gould TA2000) and stored on videotape (Vetter) and a data acquisition program (sPIKE2, Cambridge Electronic Design). Signals from RSNA and NTS cell activity were monitored on a digital oscilloscope (model 310, Nicolet Instrument Co) and an audio monitor (model AM8, Grass Instrument Co). MAP and HR were determined from the AP signal (SPIKE2, Cambridge Electronic Design). Likewise, mean right atrial pressure (MRAP) and right atrial systolic pressure (RASP) were determined from the RAP pulse. Pilot studies had demonstrated very little increase and sometimes a decrease in right atrial diastolic pressure during acute volume expansion; thus, instead of MRAP, RASP was used as an index of atrial stretch. NTS cell activity and waveform data were analyzed using the sPiKE2 program. Baseline AP, RAP, and RSNA measurements were obtained over a 6-to 9-second data segment preceding an intervention, by averaging five measurements of maximum and minimum values made at equal intervals over that segment. Changes in AP, RAP, and RSNA after volume or PBG administration were derived in a similar manner by averaging five interval measurements of the peak response (1 to 2 seconds) to an intervention. Percent changes in MAP, MRAP, and RASP were expressed relative to the baseline values immediately preceding that intervention. Because of the normal variability between experiments in baseline nerve activity, changes in RSNA were expressed as a percentage of a normalized baseline value in each animal. This normalization factor was obtained by comparing the mean activity for each animal to the mean for all animals and was applied to the baseline and response values for each animal as follows: 5 5
where VB is the mean baseline RSNA and Vb is the baseline RSNA at five points within the data segment. The rapid bolus administration of saline was chosen because of the results of pilot studies, in which gradual (3-to 5-minute) blood volume expansion of 20% to 25% evoked no reproducible effects on NTS cell discharge or RSNA. Preliminary evidence also indicated that repeated injections of the 16-,ug/kg dose of PBG elicited reproducible effects when adequate time (at least 10 minutes) elapsed between doses. All NTS cells described here were tested with at least three of the four volumes and with the dose of PBG. To lessen the possibility of describing effects mediated by stimulation of extrathoracic receptors, any NTS unit that responded to PBG or saline injections with a latency of >1 second (n=3) was excluded from analysis. On the basis of previous measurements of thermodilution cardiac output curves,18 1 second appears to be a reasonable transit time from the right atrium to the ascending aorta. Although arterial baroreceptor afferents had been removed, NTS neurons that responded to atrial volume expansion were tested with intravenous phenylephrine (2 to 5 ,ug/kg) to ensure that the neuronal response was not influenced by an increase in blood pressure. Likewise, NTS units that responded to PBG were then challenged with a depressor dose of sodium nitroprusside (0.5 to 2 ,ug/kg) to ensure that PBG-induced hypotension did not influence the response. Any NTS neurons that did respond to phenylephrine or nitroprusside were excluded from the present study.
Results
Baseline MAP, MRAP, and HR in open-chest pentobarbital-anesthetized rats averaged 83.4 ± 4.9 mm Hg, -1.4± 0.5 mm Hg, and 388.3 ± 9.9 beats per minute, respectively. Plasma volume and hematocrit measured 30 minutes after the induction of anesthesia were 14.4±5. 4 in RSNA, particularly compared with PBG injections (Fig 7) , and reflex hypotension and bradycardia. In this case, the saline injection was associated with excitatory irregular changes in NTS cell discharge. (Fig 5A) and the increases in MRAP and RASP (Fig 5B) Change in the average peak NTS cell discharge frequency for responsive units at each volume tested was not linearly related to the volume injected (Fig 6A,  line graph) . The number of NTS cells that were responsive at each volume, however, did increase as the volume stimulus increased (Fig 6A, bar graph) The small number of inhibitory responses observed may relate to the fact that only 50% of the responsive neurons sampled were spontaneously active. If monosynaptic input is assumed, the onset latencies recorded in NTS neurons in response to vagus nerve stimulation suggest that afferent information from receptors responsive to volume and PBG reaches the NTS via unmyelinated fibers in the rat, confirming the observations of others. 2, 6, 7, 19 A major finding of the present study is that graded mechanical stimulation of heart and lung receptors by acute volume injections, as measured by graded increases in atrial systolic pressure, was not associated with graded changes in discharge in the majority of NTS cells. On the contrary, NTS neurons that received afferent vagal input from these mechanically sensitive receptors responded at a given threshold and did not alter discharge activity as stimulation intensity (volume of injectate) was increased.
Several factors could explain the responses observed in NTS cells. For example, this same "threshold" phenomenon has been observed in vitro in low-pressure mechanoreceptors in the superior vena cava of the rat.20,21 Thoren et We observed similar discharge patterns in NTS neurons that were responsive to heart and lung receptor stimulation. Taken together, these findings suggest that the discharge patterns of peripheral receptors may be transmitted to the NTS, producing discharge patterns similar to the mechanically sensitive cardiac and pulmonary receptors themselves. Alternatively, the timing of afferent inputs to NTS neurons during the volume stimulus could exert an occlusive presynaptic effect on cell firing. In addition, input from higher brain centers to NTS units could also affect the discharge patterns elicited by volume and PBG administration. These possible mechanisms merit further investigation. Although saline was injected into the right atrium and RAP was measured to index the stimulation intensity of the volume injected, our study design did not allow identification of right atrial receptors alone as the mediators of the reflex effects elicited during acute volume expansion. Volume-sensitive stretch receptors have been located throughout the heart,' and since increases in RAP were paralleled by increases in MAP during saline injections, we consider it likely that receptors in all cardiac chambers were activated. In addition, receptors in the pulmonary circulation could have been stimulated. More than 70% of the NTS units observed with vagus nerve inputs were responsive to either volume expansion or PBG administration, which could indicate stimulation of multiple receptors distributed widely throughout the thorax. It is remarkable that the presumptive activation of multiple receptors in a variety of thoracic sites was associated with such similar NTS cell discharge patterns, regardless of the stimulus or the intensity of the stimulus.
It is interesting to speculate on the role of the NTS neurons that were inhibited by activation of mechanically or chemically sensitive cardiac and pulmonary receptors. These units could represent a population of cells with a tonic excitatory influence on efferent reflex control, perhaps functioning in a negative-feedback fashion to buffer reflex sympathoinhibition during volume expansion or chemical stimulation. Similar inhibition of barosensitive neurons in the ventral medulla has been noted during PBG administration in rats. 22 Since the stimuli used in the present study activated many receptors that evoked both excitatory and inhibitory inputs to NTS neurons, the reflex sympathoinhibitory cardiovascular effects observed could represent an uncharacterized and complex synthesis of neuronal interactions at the level of the NTS.
Another major goal of this investigation was to correlate NTS neuronal discharge characteristics with reflex cardiovascular effects of cardiac and pulmonary receptor stimulation. We hypothesized that the NTS cell response to stimulation of volume-sensitive receptors would correlate directly with renal sympathoinhibition; however, the rather random changes in discharge of NTS units in response to graded volumes of saline did not provide a strong correlation with the graded decreases in either RSNA or HR after progressively larger volume injections. Likewise, no correlation was noted between NTS cell activity and RSNA by spike-triggered averaging of RSNA using spontaneous NTS unit activity as the trigger, an observation that is not surprising, given the multiplicity of synapses and modulatory influ- It is possible that NTS neurons that were responsive to PBG could have received input from extrathoracic receptors with vagal afferents. Although we cannot exclude this possibility, we limited our study sample to those neurons that responded within 1 second of the PBG injection. Previous studies using thermodilution cardiac output techniques had indicated that transit time for a rapid bolus injection of room-temperature saline from the right atrium to the ascending aorta was :=1 second18; thus, we believe that an NTS neuronal response within that time period would indicate afferent input primarily from heart and lung receptors.
In summary, this investigation has identified and characterized separate classes of NTS neurons with vagal afferents that respond to activation of cardiac and pulmonary receptors either by acute volume expansion or by PBG administration or by both stimuli. Activation of these visceral afferents was associated with lowfrequency irregular excitatory neuronal discharge or inhibition of spontaneous discharge. Of particular interest was the observation that graded afferent stimulus intensity, although directly related to efferent sympathoinhibition and bradycardia, was not associated with graded increases in the discharge frequency of individual NTS units. NTS units responded to graded saline injections by firing at a rather specific volume threshold and did not increase discharge as the stimulus intensity increased. Therefore, we conclude that the consistent renal sympathoinhibition, bradycardia, and hypotension associated with stimulation of mechanically and chemically sensitive receptors in the heart and lung may involve recruitment of progressively greater numbers of NTS neurons and not graded increases in the discharge frequency of any particular NTS cell. These input/output characteristics of cardiac and pulmonary receptor stimulation indicate a high degree of neural integration within the NTS. It will be of interest to determine if other NTS afferent inputs are similarly integrated. In this regard, a recent report has found similar response patterns in some NTS neurons with aortic depressor nerve inputs.23 Therefore, this may represent a generalized mechanism of encoding within the NTS.
